Reaction-rate oscillations in the oxidation of carbon monoxide on the surface of platinum catalysts are studied in a continuous flow reactor at atmospheric pressure using infrared imaging. Small-amplitude temperature oscillations ͑0.2-8 K͒ result in approximately isothermal conditions, where changes in rate constants, for typical activation energies and temperatures, are small. The catalysts are in the form of platinum thin films on quartz substrates and provide highly repeatable oscillatory behavior. The platinum films are fabricated in the form of annular rings which provide a quasi-one-dimensional geometry in order to simplify comparison to theoretical models. Time-series measurements by means of thermocouples are used to characterize the oscillations. The infrared images show that most oscillations are spatially synchronized to within the 0.25 s time resolution of the experiment. The images also show that ''fine structure'' oscillations ͑i.e., small-amplitude, high frequency oscillations superimposed on larger-amplitude waveforms͒ are associated with spatially desynchronized patterns.
I. INTRODUCTION
Spontaneous reaction rate oscillations in the oxidation of carbon monoxide on supported platinum catalysts were first reported in 1972, 1 and have since been the focus of many theoretical and experimental studies under a wide variety of conditions. 2, 3 Experiments have typically been carried out in one of two regimes: The ''surface science'' regime where the reaction is studied on well-defined single-crystal surfaces under vacuum conditions; and the regime of practical interest in which polycrystalline catalysts are studied near atmospheric pressure. In the former case, a series of careful and systematic investigations on well-characterized single-crystal Pt surfaces with very repeatable oscillatory behavior have established that periodic restructuring of the catalyst surface is responsible for the observed oscillations. 4, 5 In this regime, spatio-temporal phenomena have been explored in depth using photoemission electron microscopy ͑PEEM͒, 6 and a wealth of self-organized patterns have been observed. 7, 8 The situation in the latter regime, however, is quite different. Despite the large number of investigations, kinetic oscillations for CO oxidation at atmospheric pressure on polycrystalline Pt catalysts are not well understood and there is no universally acknowledged mechanism.
2 This is due in part to the difficulty of preparing catalysts with reproducible oscillatory behavior. Catalysts such as Pt wires, foils, or ''real'' supported catalysts are highly sensitive to impurities as well as to defects in surface morphology. Thus, even with careful pretreatment procedures, the observed oscillations may evolve rapidly with time, if they occur at all; and it is extremely difficult to obtain satisfactory sample-to-sample reproducibility.
Furthermore, studies of spatial phenomena associated with the catalytic oxidation of CO on Pt at atmospheric pressure are practically nonexistent, especially for approximately isothermal regimes in which temperature fluctuations on the catalyst are small. One reason for this lack of data is the technical difficulty of imaging the reaction rate without the use of the surface diagnostics which are available for UHV studies. The only nonperturbative technique with relatively high spatial resolution which has been used to observe spatial patterns in exothermic catalytic surface reactions at atmospheric pressure is infrared ͑IR͒ imaging. Fluctuations in the temperature of the catalyst are visualized by imaging the blackbody radiation emitted from the surface. Since the reaction is exothermic, this is a way of indirectly monitoring the reaction rate. This technique was first used by Brown et al. in 1985 to image the surface temperature of a platinum catalyst during large-amplitude ͑ϳ54 K͒ oscillations in the oxidation of hydrogen, 9 and they have since studied other reactions as well. 10 Wolf and co-workers have used IR thermography to study large-amplitude oscillations ͑45 to 236 K͒ in CO oxidation over supported rhodium catalysts. [11] [12] [13] More recently, Luss and co-workers have used this technique to observe patterns in a number of different catalytic reactions at atmospheric pressure. 14, 15 However, all of these studies have focused on highly nonisothermal regimes, and none of them have investigated the oxidation of CO on Pt.
In this study, we address some of the problems which have limited progress in understanding oscillatory behavior at atmospheric pressures. Catalysts in the form of Pt thin films deposited by electron-beam evaporation on quartz substrates are used, in which careful control over the deposition parameters permits the fabrication of highly reproducible samples. The combination of these catalysts with a continuous flow reactor in which sources of impurities are minimized has resulted in highly stable oscillatory behavior. Repeatable oscillations have been observed on a single catalyst for as long as five months under daily exposure to reaction conditions. Furthermore, we observe excellent sample-tosample reproducibility. Spatial phenomena associated with the temporal oscillations are investigated by means of sensitive infrared imaging techniques which are capable of detecting oscillations with amplitudes ϳ0.1 K.
This paper is organized as follows: We begin with a description of the experimental techniques used for this study. Next, we present the characterization of the oscillatory behavior using time-series data from thermocouple measurements. We then present infrared images of the spatial behavior associated with the temporal oscillations, followed by a description of the characterization of the physical properties of the Pt thin-film catalysts using a variety of diagnostics.
Finally, we present a discussion of the results and conclusions of this work.
II. EXPERIMENT

A. Continuous flow reactor
The apparatus, shown schematically in Fig. 1 , is a continuous flow reactor with a sapphire window to permit optical access to the catalyst. 16 The reactant gases are either ultrahigh purity or research grade, and their relative concentrations are regulated by mass flow controllers with a stability of 0.03%. Helium is used as a buffer gas. The CO line contains a glass tube filled with alumina pellets which is heated to 170°C by a tube furnace. This serves as a trap for iron-carbonyl impurities in the CO. After the gases are combined, they are mixed in a quartz tube filled with glass beads, which is also heated by a tube furnace to 220°C, to trap other metal-carbonyl impurities. In order to minimize the impurity level of the reactant gas mixture which reaches the catalyst, the entire system is made of quartz with quartz connectors, from the region downstream from this last impurity trap, to the point at which the gases reach the exhaust flange.
The main reactor is a quartz tube, 120 cm long and 6.0 cm inner diameter, with O-ring quartz ball-socket joints on each end. The catalyst, described below, is mounted inside a 112 cm long and 4.8 cm inner diameter quartz sample-holder tube positioned concentrically inside the main reactor. Both quartz tubes were cleaned in a weak solution of hydrofluoric acid. The main reactor tube is mounted concentrically inside a large, multizone tube furnace which is used to control the temperature of the reactant gas mixture. By controlling the oven in multiple zones, a temperature uniformity across the catalyst of less than 1.5 K from room temperature to 700 K is achieved.
A typical gas mixture contains 400 cc/min of O 2 , 400 cc/min of He, and a CO flow rate in the range from 0.25 to 10 cc/min, giving a total flow rate of approximately 800 cc/min at atmospheric pressure. For these flow velocities, the Reynolds number is 10, and the flow is expected to develop into a laminar, steady-state profile before reaching the catalyst. The characteristic thermal diffusion time across the radius of the gas profile is 12 s, and the maximum time it takes for the gas to reach the catalyst after entering the oven is 27 s. Thus, the portion of the oven upstream from the catalyst serves as a preheater. An azimuthally uniform flow profile is facilitated by a radial exhaust flange configuration in which the gases exit the system through four evenly spaced ports. In between experiments, the reactor is evacuated to ϳ1 mTorr by means of an oil-free mechanical pump. This precaution limits the adsorption of impurities from the gas to the surface.
B. Platinum thin-film catalysts
A schematic of the catalyst mounted in the reactor is shown in Fig. 2͑a͒ in front view and ͑b͒ side view. The catalysts used in this study are annular platinum thin films on washer-shaped quartz substrates grown by electron-beam evaporation in a UHV system. The annular geometry results in a quasi-one-dimensional system with periodic boundary conditions. The films are typically grown at pressures in the low 10 Ϫ9 Torr range, at a rate of 0.5 Å/s to a thickness of 500 Å. The source metal for deposition is 99.999% pure vacuummelted platinum. The substrate temperature during deposition can be varied from Ϫ70 to ϩ600°C, but for convenience, most films are grown near room temperature. The substrate is 0.5 mm thick, and temperature fluctuations on the platinum surface are rapidly transmitted to the backside of the substrate before they can diffuse laterally. This allows us to image the backside of the substrate which has a high emissivity ͑0.93͒ compared with that of platinum ͑0.03͒. This novel technique boosts the temperature sensitivity of the system by about a factor of 30, and is crucial for detecting the small temperature fluctuations reported here.
The catalyst is suspended concentrically in the quartz reactor tube by three equally spaced K-type thermocouples, which are in close proximity to the Pt film, but do not contact it, so that they do not introduce defects or discontinuities in the ring. These thermocouples are used to measure temporal variations in reaction rate, and to calibrate the IR imager intensity. They are digitized by a 16-bit A/D convertor. The thermocouple leads are threaded between the walls of the sample tube and the main reactor tube as shown in Fig. 2 . Thus, besides this minimal amount of thermocouple surface area exposed to the catalyst, the entire environment of the catalyst is quartz, and sources of impurities are minimized.
The platinum film and quartz substrate together have a thermal mass approximately four times that of a 0.25 mm thick Pt foil with the same surface area as the annular film. The added thermal mass decreases temperature fluctuations due to reaction-rate oscillations, and results in a better approximation to isothermal conditions. Furthermore, under either steady state or oscillatory conditions, these Pt thin-film catalysts are never observed to be more than 8 K above the ambient gas temperature, and usually the difference is only a few Kelvin.
A number of separate diagnostics are used to characterize the platinum thin-film catalysts. The preferred crystal orientation, crystallite size, and film thickness are measured by x-ray diffraction on a rotating-anode diffractometer. Surface morphology, crystallite size, and spatial uniformity are verified with scanning tunneling microscopy ͑STM͒ on a Digital Instruments Nanoscope E using a 12 scanner in air. Auger analysis of the Pt surface is carried out by the Materials Analysis Group, a division of the Philips Corporation.
C. Infrared image acquisition and processing
The infrared imager consists of a Si:As impurity band conduction device mounted inside a liquid helium dewar. 17 The effective array size used for this study is 16ϫ18 pixels resulting in a spatial resolution of 1.5 mm on the catalyst. Although the imager has a relatively coarse spatial resolution, it has excellent temperature sensitivity of at least 20 mK. The substrate is imaged in a wavelength band of 4.7 Ϯ0.3 , which is defined by a bandpass filter. Images are recorded directly into RAM drive on a PC at a maximum speed of 0.25 s/frame. After acquisition, the images are processed on a PC.
Typically, a set of infrared images are recorded after oscillations have been stabilized at a fixed gas temperature and concentration. Most data runs consist of 400 images taken at frame rates of 0.5 to 4.0 s. The ratio of the temperature fluctuations to background can be as small as ⌬T/TϷ0.0007, and in order to see such small fluctuations, a reference image is subtracted from each frame in the data set. This reference image is generated by averaging all the images in the data run. That is, if I(i, j,n) is the value of pixel (i, j) of the nth image, then the processed value of that pixel is given by
where N is the number of images in the run, and the summed term is the value of pixel (i, j) in the reference image. Other methods of generating reference images were tried, such as using images with no reactant gases flowing, but the method described by Eq. ͑1͒ yielded the best results. The standard method used to display quasi-onedimensional data from an annular geometry is with a spacetime plot where azimuthal position around the ring is plotted on the horizontal axis, and time on the vertical axis ͑e.g., see Fig. 9͒ . Linear interpolation is used to convert a set of thermal images into a space-time plot. For each of the 254 azimuthal points ͑this number is chosen for technical reasons͒ of a processed image, the intensity is radially integrated across the width of the annulus, resulting in one horizontal time slice. A data set of 400 frames results in 400 horizontal slices in a space-time plot.
Some data sets require additional processing due to an artifact caused by the IR detector array. The gain of the detector varies with temperature, and thus, if the array warms appreciably during the recording of a data set, the gain, and hence the recorded intensity, will change during the run. Such warming always occurs as a result of current passing through the read-out electronics which are bonded to the liquid helium cooled detector. We know that this slow change in IR intensity is an artifact of the detector because it is not observed in the thermocouple traces. The problem can be corrected by detrending the data. This involves fitting each vertical slice in a space-time plot to a low-order ͑Ͻfifth-order͒ polynomial. Since the polynomial is of low order, only slow changes in intensity are fit, and not the oscillations themselves, i.e, the fit represents the average trend of the data. The fits are then subtracted from the original data. After detrending, the new vertical slice through a space-time plot replicates the corresponding thermocouple trace. Figure 3͑a͒ shows the oscillatory region as a function of gas temperature and ratio of CO to O 2 for two different samples. The system is in the upper reaction branch at higher gas temperatures, and in the lower reaction branch at lower gas temperatures. For intermediate temperatures, the system is oscillatory. Oscillations were found from P CO / P O 2 ϭ0.001 to 0.06, but these limits were set only by limitations of the mass flow controllers. This region is mapped by performing a series of slow ͑25 K/h͒ temperature ramps at fixed concentrations such as the one shown in Fig. 3͑b͒ for P CO / P O 2 ϭ0.005. The temperature at which oscillations are extinguished ͓233°C in Fig. 3͑b͔͒ corresponds to a point on the lower boundary of the oscillatory region. The upper boundary was more difficult to determine since oscillations at high temperatures grow from amplitudes smaller than the temperature sensitivity of the thermocouples ͑ϳ0.02 K͒, and a threshold oscillation amplitude of 0.1 K was used for all concentrations.
III. RESULTS: TEMPORAL OSCILLATIONS
A. Oscillatory region
The observed oscillatory behavior is completely reproducible and independent of history. For a given location in the oscillatory region, waveforms with a particular frequency and amplitude result, regardless of whether these conditions were reached by a slow temperature ramp, or by simply ''dialing in'' the proper gas temperature and concentration. There is also good repeatability from catalyst to catalyst. In Fig. 3͑a͒ , the oscillatory regions for the two different Pt thinfilm catalysts is observed to be remarkably similar, both qualitatively ͑i.e., the shape of the curve͒ and quantitatively. This behavior represents an enormous improvement over previously studied catalysts where different samples might have dramatically different oscillatory regions.
The oscillatory region was found to be independent of the direction of the temperature ramp. Figure 4 shows a test of hysteresis in the ignition and extinction of oscillations with respect to temperature on the lower boundary of the oscillatory region at fixed P CO / P O 2 ϭ0.05. The gas temperature is slowly ͑15 K/h͒ ramped upward through the transition to oscillations, stabilized, then ramped back down at the same rate. The dashed line through points A and B indicate the temperature at which oscillations are ignited and extinguished, respectively. To the accuracy of our temperature measurement ͑ϳ0.02 K͒, there is no hysteresis in the transition to oscillations on the lower branch. A similar situation appears to exist for the upper boundary as well, but the hysteresis is more difficult to measure because of the small amplitude of the oscillations. This measurement was repeated at different concentrations, and always yielded the same result. Thus, there do not appear to be regions of bistability in the system in the parameter regimes studied.
Typical oscillations are shown in Fig. 5 corresponding to the points labeled A-F in Fig. 3͑a͒ . Both the amplitude and frequency of the oscillations depend on the location in parameter space, but the general relaxation character of the waveforms is universal. Amplitudes range from ϳ0.2 to ϳ8 K, and periods range from 6 to 500 s. The difference between the catalyst and gas temperature ranges from ϳ0 to ϳ7 K. The oscillations are very regular, and fine structure oscillations ͑i.e., superimposed high frequency, small-amplitude oscillations͒ reported on other polycrystalline catalysts 18 are generally absent. There are cases where intermittent fine structure is observed ͑e.g., in traces D and F of Fig. 5͒ , and the infrared images show that these oscillations are associ- Fig. 3͑a͒ for increasing and decreasing gas temperature ramps at fixed P CO / P O 2 ϭ0.05. The dashed line through points A and B represents the temperature at which oscillations are ignited and extinguished, respectively. ated with spatially asynchronous behavior. This will be discussed in Sec. IV C.
B. Reaction rate vs concentration
The reaction rate ͑T catalyst ϪT gas ͒ as a function of gas concentration is plotted in Fig. 6 at a constant gas temperature of 300°C. This plot is the result of a step-wise scan in concentration, with the gas temperature fixed, and corresponds to a horizontal cut through the oscillatory region of Fig. 3͑a͒ . At low concentrations, the reaction rate is approximately linear in P CO , and this corresponds to the upper reaction branch. Here, the surface is characterized by high, open oxygen coverage where CO 2 production is limited by the CO adsorption rate. At concentrations above the oscillatory region, the reaction proceeds via the lower reaction branch where the reaction decreases with increasing P CO . On this branch, the catalyst is known to be characterized by a high CO coverage which blocks sites for oxygen adsorption, and an increase in P CO results in more efficient site blockage, and hence, a decrease in reaction rate. The two reaction branches overlap in a range of concentrations from P CO / P O 2 ϭ0.005 to 0.0225, indicated by the horizontal line in Fig. 6 . In this range, the upper and lower branches represent the upper and lower limits of the oscillations, respectively, and the catalyst spontaneously alternates between high oxygen coverage and high CO coverage.
The general character of Fig. 6 is consistent with previous studies, but there are two important qualitative differences. First, the slight increase in reaction rate on the lower branch immediately after oscillations are extinguished at P CO / P O 2 ϳ0.024 was not observed in a similar study by Turner et al. on Pt wires. 19 This feature can be attributed to the general shape of the oscillations themselves, and it corresponds to the slight increase in reaction rate after the oscillations are extinguished, as can be seen at point B in Fig.  4 . Second, the slope of the lower branch of Fig. 6 changes from negative to positive at low concentrations ͑P CO / P O 2 Ͻ0.01͒ and, like the upper branch, it decreases with decreasing P CO . This is opposite to the behavior reported by Turner et al. where the slope on the lower branch became more steeply negative at low concentrations.
C. Reaction rate vs gas temperature
The reaction rate as a function of gas temperature was measured at fixed P CO / P O 2 ϭ0.005 by subtracting the gas temperature ramp rate ͑25 K/h͒ from the catalyst temperature of Fig. 3͑b͒ . This corresponds to a vertical scan through the oscillatory region ͓see Fig. 3͑a͔͒ . The result is shown as an Arrhenius plot in Fig. 7 , where the reaction rate is plotted on a log scale vs inverse temperature. In this plot, the catalyst is oscillating over the entire range of temperatures shown. The straight lines are estimated fits to the upper and lower reaction branches, and their slopes give approximate activation energies for the two branches. The gross features of this plot are similar to the results reported by Turner et al. 19 The upper branch is relatively insensitive to gas temperature with a small and slightly negative activation energy of ϳϪ0.6 kcal/ mol, while the lower branch is more highly activated at ϳ13 kcal/mol. However, the behavior of the upper branch at high gas temperatures is different than what has been previously reported. Instead of continuing with a negative activation energy, the upper branch changes slope and exhibits a positive activation energy at high temperatures. This region corresponds to the upper boundary of the oscillatory region in Fig. 3͑a͒ . Separate tests of the upper steady-state branch ͑i.e., gas temperatures above the oscillatory region͒ show that the activation energy is small and negative which is consistent with previous reports. 
D. Oscillation period vs gas temperature
The variation of the period of oscillations as a function of gas temperature was obtained from the temperature ramp shown in Fig. 3͑b͒ at fixed P CO / P O 2 ϭ0.005. Figure 8 shows Arrhenius plots of ͑a͒ the inverse of the induction period ͑duration of the low reaction rate portion of the oscillations͒, and ͑b͒ the inverse of the pulse period ͑duration of the high reaction rate portion of the oscillations͒ as a function of inverse gas temperature. In both of these plots, the data are well-approximated by straight lines. The solid lines in Fig. 8 are linear regressions giving an activation energy of 33 kcal/ mole for the induction period and 13 kcal/mole for the pulse period. Thus, the processes governing the time the system is in the upper and lower reaction branches are fairly highly activated. In a study using Pt wires, Sales et al. reported 52 kcal/mol for the induction period, but they were not able to measure the activation for the pulse period which, they reported, varied from day to day.
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IV. RESULTS: INFRARED IMAGING
A. Spatially synchronized states
Thermal images corresponding to the points A, B, E, and F in Figs. 3͑a͒ and 5 are shown as space-time plots in Fig. 9 , where angular position around the annular ring is plotted on the horizontal axis, and time is plotted on the vertical axis. In these images, the boundaries between high and low reaction rates appear as horizontal lines, indicating that the catalyst is spatially synchronized with the entire annular catalyst flashing on and off uniformly. Most of the oscillatory states of these highly repeatable catalysts are essentially spatially synchronized. A more detailed analysis of the degree of synchronization is described below. This data also demonstrates our ability to detect small temperature fluctuations ͑e.g., see Fig.  9A͒ , providing, for the first time, a way of visualizing oscillatory heterogeneous catalysis under nearly isothermal conditions at atmospheric pressure.
The IR imaging data of Fig. 9 replicate the thermocouple traces with remarkable accuracy. Figure 10 shows four pairs of time-series data corresponding to the IR images in Fig. 9 . The top trace in each pair ͑TC͒ is the catalyst temperature as measured by a thermocouple junction, and the bottom trace ͑IR͒ is the corresponding time series as recorded by the IR detector. The IR traces are vertical slices through the spacetime plots of Fig. 9 at an angular position corresponding to the position of the thermocouple, and the vertical scale is IR intensity in arbitrary units. The similarity between the data from the thermocouples and that from the thermal imager is striking, and in many cases, the IR waveforms reveal even more detail than the thermocouple waveforms ͑e.g., see Fig.  10E͒ . This is because the thermocouple junctions are in proximity to the Pt film, but they do not touch it, and thus, information is lost by the averaging effect of imperfect coupling. The IR imager, however, detects the emitted blackbody radiation from the substrate surface, thereby avoiding limitations due to poor coupling. However, even though the quality of time-series data from the imager is comparable and often superior to the thermocouple data, the thermocouples remain necessary for calibrating the IR imager and they help justify the various image processing techniques described above.
B. Degree of spatial synchronization
The space-time plots of Fig. 9 show that most of the oscillations we observe are spatially synchronized. However, one would expect, because of either spatial inhomogeneities or statistical fluctuations, that a reaction-rate transition would first be initiated in a localized region of the catalyst, and then it would propagate to the rest of the catalyst. This section contains a detailed analysis of the degree to which the oscillations are spatially synchronized, and from this, we can estimate a lower limit on the speed at which reaction fronts propagate in this system.
The time scale for oscillatory reaction-rate transitions to occur ͑i.e., the rise and fall times of the waveforms͒ is anywhere from a few seconds to over 20 s. An example is shown in Fig. 11 which contains the first half of the thermocouple trace from Fig. 9A . The three traces correspond to three thermocouples equally spaced around the ring, and the symmetric, sawtooth-shaped oscillations undergo peak-to-peak transitions in ϳ10 s. Using the dashed vertical grid lines as visual guides, it is apparent that the oscillations at these different points around the ring are in phase, and that the catalyst is synchronized at each point along the gradual transitions.
A more quantitative measure of the synchronization of these waveforms is given by the statistical correlation
where ⌬x i ϭx i Ϫx and ⌬y i ϭy i Ϫȳ . Two identical waveforms in phase would give a correlation of 1, and two waveforms precisely 180°out of phase would give a correlation of Ϫ1. Figure 12͑a͒ shows how the correlation between two of the waveforms of Fig. 11 ͑TC2 and TC3͒ varies as they are artificially shifted in time with respect to each other. The result is a surprisingly smooth sinusoidal curve with a period which matches the period of the original waveforms. Even more surprising, however, is the fact that the correlation is a maximum ͑0.98114͒ for the case of zero shift, and it decreases for a single 0.25 s shift in either direction. This can be seen in Fig. 12͑b͒ which shows an expansion of the statistical correlation around the zero shift point. Thus, the entire catalyst is synchronized to within the 0.25 s accuracy of this measurement. If we assume that the initial transition occurs at a localized region of the catalyst, and then propagates around the ring, then for the size of the catalysts used here, a lower bound on the propagation velocity is ϳ10 cm/s. The degree of spatial synchronization is generally independent of the time scale of the oscillations. An example of a relatively fast transition can be seen in the oscillations shown in Fig. 10E . The oscillation period is 14.3 s, and downward transitions in reaction rate occur within 1.5 s. The corre- sponding IR images are shown as a space-time plot in Fig.  9E . Even for these fast transitions, the catalyst is synchronized to within the 0.5 s time step used to record this IR data.
Not all oscillations, however, are completely synchronized. There are examples where, with the 0.25 s time resolution of the experiments, we can resolve a reaction front propagating from one side of the ring to the other. This is especially apparent in animations of the IR data. Figure 13 is an example of one of these states. The gray scale in the space-time plot is adjusted to show the transitions, and it is clear that they are not perfectly horizontal as in the case in the space-time plots of Fig. 9 . Figure 14 shows the correlation between two of the thermocouples as a function of time shift, and now, unlike the synchronized case of Fig. 12 , the curve peaks at a shift of 0.5 s. This corresponds to a front velocity of ϳ5 cm/s. It is not clear, however, whether these fronts are traveling at constant velocities, or whether the observed desynchronization is caused by spatial inhomogeneities in which different patches of the catalyst surface undergo transitions at different times. It is likely to be the latter since, for most oscillations, the catalyst is synchronized to within the time resolution of the imager. In order to resolve this issue, an imager with better spatial and temporal resolution is required.
C. Fine structure
There are many reports in the literature of small oscillations superimposed on the upper branch of the base oscillations, so-called fine structure. Many studies of CO oxidation on polycrystalline Pt at atmospheric pressures report this effect which can sometimes be very pronounced. 18, 21 Some reports speculate that fine structure is caused by spatial inhomogeneities in the catalyst or by a spatially desynchronized pattern. There have been efforts to simulate these small, superimposed oscillations with models based on spatially inhomogeneous catalysts, 22 but to our knowledge, there are no direct observations of such spatial inhomogeneities.
For the Pt thin-film catalysts used for this study, fine structure oscillations were generally absent, and this may be a consequence of the excellent spatial uniformity of these thin-film surfaces. However, there are examples where fine structure has been observed, although it is usually not very pronounced. IR images show conclusively that the fine structure oscillations observed here are due to spatial desynchronization where localized regions of the catalyst oscillate out of phase. The resulting pattern can take the form of random, localized reaction-rate transitions superimposed on the base oscillations, or it can take the form of an organized standing wave in which two halves of the catalyst oscillate out of phase. An example of the latter is shown in Fig. 15 . The waveform, as measured by the IR imager, is shown, along with the corresponding space-time plot. The base oscillation amplitude is ϳ0.5 K, while the fine structure oscillations between times tϳ15 and 45 s have an amplitude ϳ0.15 K. In the space-time plot, the initially spatially synchronized oscillations are observed to spontaneously desynchronize into several cycles of standing waves during the fine structure oscillations before returning again to the spatially synchronized pattern. These types of patterns always exist as intermittent transients interrupting a spatially synchronized state, and they usually occur in regions of parameter space where relatively small-amplitude, high frequency oscillations are observed.
V. THIN-FILM CHARACTERIZATION
During the fabrication of the annular platinum thin-film catalysts used in this study, test films were grown, simultaneously, on other substrates. These substrates are 0.64 cm diameter quartz disks with thickness, surface polish, and substrate preparation identical to the washer-shaped quartz catalyst substrates. Thus, the Pt films on these disks have the same properties as the corresponding catalysts, and these films were used to characterize catalysts, as grown. The actual catalysts were not used for these initial characterizations because the extra handling would increase the risk of scratches and of the accumulation of impurities on the surface. After deposition, the actual catalysts are immediately transferred to a glass vacuum jar for storage, until they can be installed in the reactor. It was found that such precautions were necessary to obtain repeatable behavior. Only after a catalyst was permanently removed from the reactor did we begin to characterize it. The use of the simultaneously grown test films effectively enabled characterization of the catalysts before and after being exposed to reactor conditions since in situ diagnostics were not available. Three diagnostics were used: Auger electron spectroscopy, x-ray diffraction, and scanning tunneling microscopy ͑STM͒.
A. Auger electron spectroscopy and x-ray diffraction
Auger analysis of both the test films and the used catalysts ͑i.e., before and after reactor conditions͒ detected 2%-5% surface coverage of silicon in addition to the expected platinum, oxygen, and carbon. No other impurities were detected. We speculate that trace amounts of silicon get into the bulk platinum during deposition ͑Si is present in the e-beam deposition chamber since it is used to grow Si films as well͒, and then the Si diffuses out of the bulk and onto the surface. Other studies of oscillations in this reaction at atmospheric pressure have also reported the presence of silicon impurities on those catalysts which exhibited oscillatory behavior. 23 This will be discussed in more detail in Sec. VI B below.
Some of the characteristics of the Pt thin-film catalysts could be altered by varying the temperature of the substrates during deposition. These include grain size and preferred crystal orientation parallel to the surface. The crystal orientation is particularly important for comparisons of our work to studies on single crystals at low pressures. We have the capability of growing films at substrate temperatures ranging from Ϫ70 to 600°C, and catalysts grown at these various temperatures were all observed to oscillate. Most of the catalysts used for this study were grown at ϳ40°C, since these took the least time to fabricate.
The thicknesses of the films could most accurately be obtained using x-ray diffraction. This technique involves analyzing the maxima and minima of the interference fringes in the low angle scattering pattern. 24 Catalysts were used with thicknesses ranging from 300 to 1000 Å without significant differences in oscillatory behavior. We chose a thickness of 500 Å for most of the catalysts used in this study.
The crystal orientation is obtained by x-ray diffraction. Figure 16 shows x-ray intensity plotted logarithmically vs diffraction angle for films grown at ͑a͒ 40 and ͑b͒ 600°C. Even when the expected powder diffraction pattern is accounted for, the film grown at 40°C has a strong preferred orientation in the Pt͑111͒ plane. By increasing the substrate temperature during deposition, we obtained the expected result of a much stronger preferred ͓111͔ orientation. Both of these Pt thin-film catalysts were observed to oscillate. Since the Pt͑111͒ surface does not reconstruct, 25 we conclude from this data that the surface reconstruction mechanism, which is well established for studies on single crystals at low pressures, 4 is not responsible for the oscillations we have observed in this work. Another quantity which varies with deposition temperature is the coherence length perpendicular to the surface of the film. This is essentially the same as the crystallite grain size and can be estimated from the high-angle x-ray diffraction data through Scherrer's formula
where is the coherence length and B is the full width at half-maximum of the Bragg peak located at B . For films grown at 40°C, the coherence length is ϳ200 Å, but for films grown at 600°C, the coherence length calculated using Eq. ͑2͒ was approximately the same as the film thickness. This indicates that films grown at higher temperatures are approximately ordered through the entire thickness of the film.
B. Scanning tunneling microscopy
Scanning tunneling microscopy ͑STM͒ provided the best images of the surface of the Pt thin films. Optical microscopy is limited by magnification ͑due to the diffraction limit͒, and scanning electron microscopy ͑SEM͒, although useful, did not provide nearly the quality of resolution obtained from STM. All scans were performed on a Digital Instruments Nanoscope E with a 12 scanner.
Lateral crystallite size on the surface of the Pt thin films could be measured with STM. Figure 17͑a͒ shows an STM scan for a 500 Å film grown at 40°C. The crystallite grain size indicated by this image is ϳ200 Å, which is consistent with the vertical coherence length estimated from x-ray diffraction. An STM scan for a 500 Å film grown at 600°C, shown in Fig. 17͑b͒ , indicates a grain size of ϳ1000 Å. This is also consistent with the x-ray diffraction data which returned a vertical coherence length approximately equal to the thickness of the film. As stated above, all the samples grown at various temperatures were observed to oscillate, and most of the catalysts used for this work were grown near room temperature and have surface morphologies essentially identical to that shown in Fig. 17͑a͒ .
The STM images also helped characterize the spatial uniformity of the surface morphology. Images taken at various points around the annular films all look qualitatively identical ͓e.g., see Fig. 17͑a͔͒ , indicating the excellent spatial homogeneity of the surface morphology. The STM scans shown above were taken on test films which had not been exposed to reactor conditions. After the catalysts have been exposed to reactor conditions for long periods of time, a very pronounced surface roughening was observed, which was even visible to the naked eye. We have not yet established the origin and implications of this roughening.
VI. DISCUSSION
We have developed catalysts in the form of Pt thin films on quartz substrates and have used them to study reactionrate oscillations in the oxidation of carbon monoxide at atmospheric pressure. The ability to precisely control the deposition parameters during the fabrication of the thin-film catalysts, combined with a clean continuous flow reactor, has resulted in an unusually high degree of reproducibility of oscillatory behavior. As a result, kinetic oscillations could be investigated systematically. Because of the high thermal mass of these catalysts, temperature variations on the catalyst surface are small ͑0.2-8 K͒, so that the reaction conditions are approximately isothermal. Temporal oscillations have been characterized using thermocouples, and the spatial patterns associated with the temporal oscillations were investigated using infrared imaging.
A. Temporal oscillations and mechanisms
In general, the temporal character of the oscillations reported here is similar to that of other experimental studies; however, there are some important qualitative differences. Turner et al. performed systematic studies of kinetic rate oscillations for the atmospheric oxidation of CO using Pt wire catalysts in a continuous flow reactor. 19 There are two features in our data which they did not observe: they are the change in slope of the lower reaction branch at low concentrations in Fig. 6 , and the change in slope of upper reaction branch at high temperatures in Fig. 7 . Both of these regions correspond to the area near the upper boundary of the oscillatory region shown in Fig. 3͑a͒ . Here, the oscillation amplitudes are very small ͑Ͻ1 K͒ and somewhat erratic, unlike the rest of the oscillatory region in which the oscillation amplitudes are larger ͑1-8 K͒, and very regular. Thus, it appears that there may be two different types of oscillations with qualitatively different behavior. A similar effect was reported by Tsai et al. in a study of coupled oscillators.
18 They reported several different types of oscillations which occupied different regions of parameter space.
There are several models which predict oscillations in this system. The surface reconstruction model is wellestablished for describing oscillatory behavior observed on single-crystal catalysts in UHV systems. 4 However, oscillations are neither predicted or observed on clean Pt͑111͒ surfaces. 25 Since the Pt thin-film catalysts used here have a strong preferred crystal orientation in the Pt͑111͒ plane, it is not likely that this mechanism is responsible for the oscillations reported here. Burrows et al. proposed a model based on a mechanism in which the slow formation and removal of atomic carbon on the catalyst surface drives the oscillations-the so-called ''carbon model.'' [27] [28] [29] We have performed an experiment in which the initiation of oscillations was studied after the catalyst was exposed to various pretreatments which suggest that this mechanism does not describe the oscillations we observe. 30 Sales et al. developed a theoretical model based upon a mechanism in which the slow oxidation and reduction of the Pt surface by adsorbed oxygen and CO, respectively, drives the oscillations. 20, 31 Their model consists of three coupled nonlinear ordinary differential equations and predictions from this model qualitatively agree with our experimental observations. A quantitative comparison of our results with this model will be presented elsewhere. 30 We found that for the regions of parameter space studied here, this system is either oscillatory or stable, but there are no regions of bistability. This is consistent with the predictions of the oxidation reduction model. However, in a theo-retical study in which an iterative parameter estimation scheme was used to refine the oxidation reduction model of Sales et al., 20 regions of bistability are predicted to exist at higher concentrations ( P CO / P O 2 Ͼ0.06͒. 32 These parameters could not be explored in the present system due to limitations of the mass flow controllers, but will be investigated in future studies. An important result from this study which could have implications for determining the mechanism of the oscillatory behavior is that Auger electron spectroscopy detected silicon impurities on the surface of the Pt thin-film catalysts. Yeates et al. performed studies on Pt single crystals at atmospheric pressure in a combined high and low pressure chamber. 23 They found, using in situ Auger, that silicon was always present on catalysts that oscillate. They speculated that silicon may catalyze the oxidation of platinum which would then drive the oscillations. The role of silicon on oscillatory behavior at atmospheric pressures is possibly the most important open question in this area. An important goal of future work will be to grow Pt films which are free of any silicon impurities.
B. Spatial phenomena
Infrared images associated with the temporal oscillations on the Pt thin-film catalysts reveal a high degree of spatial synchronization, faster than the 0.25 s time resolution of the experiment. Occasionally, states are observed in which it appears that oscillations produce propagating reaction fronts. The spatial and temporal resolution of the existing experiment is unable to determine whether these fronts travel at constant velocities, or whether they move in discrete jumps.
In the latter case, they could be explained by spatial inhomogeneities in the system. Levine and Zou have proposed a model of spatial patterns by adding a term for CO diffusion on the catalyst surface to the oxidation reduction model of Sales et al., and they calculated a dispersion relation for 1D traveling waves. 33 However, the wave propagation velocities which they predict are a factor of ϳ300 slower than the lower limit on the front propagation velocity which we infer from the fast synchronization time reported here. Sheintuch and Pismen used an oxidation reduction model in which spatial coupling was by CO diffusion through the gas, and they estimated a propagation velocity on the order of 10 cm/s, roughly the same as the velocities we infer from the high degree of spatial synchronization we observe. 34 Furthermore, separate coupling experiments using infrared imaging in this system indicate that gas-phase coupling dominates over surface diffusion. 35 Until now, it could only be speculated that so-called fine structure oscillations ͑i.e., small-amplitude, high frequency transitions superimposed on the base oscillations͒ are caused by a spatial decoupling of synchronized oscillations. There have been efforts to simulate these small, superimposed oscillations with models based on spatially inhomogeneous catalysts, 22 but to our knowledge, there are no direct observations of these spatial inhomogeneities. The infrared imaging data presented here shows that the fine structure we observe is always associated with a spatially desynchronized state. These states can take the form of a standing wave pattern in which two halves of the catalyst oscillate out of phase.
The cause of this spatial breakup of the pattern remains an open question. It is possible that it is triggered by small inhomogeneities in the catalyst. We have strong evidence that different parts of the catalyst can have different intrinsic oscillation frequencies for the same fixed external conditions, yet the entire catalyst may synchronize through diffusive coupling, probably through the gas phase. However, the slow process ͑e.g., oxidation and reduction͒ controlling the oscillatory dynamics may eventually dominate over this coupling, leading to a spontaneous breakup of the synchronization. As described elsewhere, 35 separate experiments indicate , and ͑b͒ a substrate temperature of 600°C and at a pressure of 1.4ϫ10
Ϫ7
. Both films were grown at a rate of 1 Å/s and to a film thickness of 500 Å. Most of the films used in this study were grown under the conditions of ͑a͒. STM scans of other regions of the annular catalysts look essentially identical, indicating good spatial uniformity of surface morphology.
that a spontaneous standing wave pattern could be associated with two oscillators interacting through a finite coupling. There is also strong evidence that global coupling through the gas phase in heterogeneous catalyst at low pressures can lead to standing waves, 36, 37 and it is possible that global coupling might explain the phenomena observed here as well. 38 We have also observed other desynchronized states in this system in the form of propagating pulses, which exist as relatively long-lived transients. 39 The study of self-organized spatio-temporal patterns in this system, such as standing waves and one-dimensional traveling pulses, is likely to lead to a better understanding of pattern formation in reactiondiffusion systems.
VII. CONCLUSIONS
The main conclusions from this work are as follows:
͑1͒ Oscillations were observed on Pt thin-film catalysts with a strong preferred orientation in the Pt͑111͒ plane, indicating that surface reconstruction is not a likely mechanism. ͑2͒ For the parameter regimes studied here, no regions of bistability were found ͑see Fig. 4͒ . ͑3͒ Most oscillatory states are spatially synchronized to within the 0.25 s time resolution of the experiment. ͑4͒ The relatively fast synchronization is consistent with estimates based on a model in which different parts of the catalyst are coupled through the gas phase. ͑5͒ Infrared images show directly that fine structure oscillations correspond to spatial desynchronization of the oscillations. ͑6͒ Uniformity of surface morphology was verified by STM, and Auger electron spectroscopy detected a 2%-5% coverage of silicon on the Pt thin-film catalysts. The effect that Si impurities on the catalyst surface has on oscillatory behavior is not yet clear.
We expect that with the repeatable catalysts we are now able to fabricate and characterize, continuing systematic studies of oscillations in this system at atmospheric pressure will allow us to increase our understanding of oscillations in this important catalytic reaction.
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